(TGF-␤) are the typical manifestations of pathologic fimay result in peritoneal fibrosis. The transforming growth facbrosis and these have been particularly well demontor-␤ (TGF-␤), especially the isoform TGF-␤1, has long been strated in kidney, liver, and lung fibrosis [1] . The spatial known to play crucial role in the fibrogenic process. Although and temporal orchestration of myofibroblasts in these several studies have implicated TGF-␤ in peritoneal fibrosis, the underlying mechanism has not been completely elucidated.
pathologic processes implies a dynamic nature of this 
ambulatory peritoneal dialysis (CAPD) and abdominal
Conclusion. This report describes myofibroblastic converor thoracic surgery. The demonstration that TGF-␤ stimsion of mesothelial cells, a previously undefined, yet frequently ulates the mesothelial-myofibroblastic conversion furspeculated, cell adaptive or pathogenic process. Our study ther implies the recruitment of fibrogenic cells from mesohelps to elucidate the complex molecular and cellular events thelium during serosal inflammation and wound healing. , HPMC was further processed antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin) (Gibco), and 2 mmol/L l-glutamine. We used a through postfixation (2.5% glutaraldehyde), silver enhancement (R-Gent SE-EM, Aurion, The Netherlands), panel of antibodies to check every batch of initially isolated mesothelial cells to ensure they were positive for and osmication (0.5% OsO 4 ). The HPMC was then dehydrated and embedded according to routine procedures. mesothelial markers (cytokeratin, vimentin, calretinin, and Wilms' tumor 1 protein [WT-1]), whereas negative
The membranes embedded in epoxy resin were sectioned through different directions to facilitate the obserfor endothelial (Ulex Europaeus lectin, type 1 [UEA-1] and factor VIII), smooth muscle (desmin) and fibroblasvation of three-dimensional changes of the cells. Thin sections were viewed and digitally recorded using a transtic specific antibody (ASO2) markers (micrographs not shown). The majority of initial culture exhibited typical mission electron microscope (JEM-1230, JEOL, Japan) equipped with multiscan CCD camera (791 MSC; Gatan, cobblestone appearance that represented pure mesothelial cells. The propagated cells were harvested and frozen Pleasanton, CA, USA). for further use. In all experiments, we used HPMC from
Reverse transcription-polymerase chain reaction and the same pooled stocks of several donors. The confluent cDNA expression array analyses HPMCs were transferred to lower serum-containing medium (2% FBS) for 48 hours prior to receipt of treatment.
For reverse transcription-polymerase chain reaction (RT-PCR) analysis of HPMC, total RNA was extracted The HPMCs were continuously exposed to various concentrations of recombinant human TGF-␤1 (0.3 to 25 with RNAzol B (Tel-test, Inc., Friendswood, TX, USA). Contaminating genomic DNA was removed with RNAaseng/mL) (R&D Systems, Minneapolis, MN, USA) for 1 week and then transferred to original culture medium free DNAase following the manufacturer's protocol. Firststrand cDNA was synthesized from total RNA with Sucontaining 10% FBS for 1 more week. We have prepared control groups that were parallel duplication of experiperscript II RNase H Ϫ Reverse Transcriptase (Gibco BRL, Life Technologies) using oligo(dT) as primers. mental groups in terms of cell batch, growth condition, and culture period.
Semiquantitative evaluation of collagen I (COL1A1) and ␣-smooth muscle actin (ACTA2) mRNA transcripts Histology and immunohistochemistry by RT-PCR were performed using following primers: COL1A1 sense 5Ј-GGCGGCCAGGGCTCCGACCC-3Ј, We grew HPMC on either Transwell membranes (Transwell-Clear 3452; Costar, Cambridge, MA, USA) for ultraantisense 5Ј-AATTCCTGGTCTGGGGCACC-3Ј; ACT-A2 sense 5Ј-GCTCACGGAGGCACCCCTGAA-3Ј, structural and immunoelectron microscopic studies or in slide flasks (Lab-Tek II; Nalge Nunc, Naperville, IL, antisense 5Ј-CTGATAGGACATTGTTAGCAT-3Ј. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense USA) for immunofluorescent studies. The primary antibodies for immunofluorescent staining of HPMC in-5Ј-CCACCCATGGCAAATTCCATGGCA-3Ј, antisense 5Ј-TCTAGACGGCAGGTCAGGTCCACC-3Ј cluded those to collagen I (rabbit, 1:20, Novocastra, Newcastle-upon-Tyne, UK), collagen III (goat, 1:20, Santa was used as an internal control. Template concentration was titrated to yield exponentially amplified products Cruz Biotechnology, Santa Cruz, CA, USA), ␣-smooth muscle actin (␣-SMA) (mouse, 1:40, Signet, Cheshire, between 17 and 23 cycles (30-second denaturation at 94ЊC; 30-second annealing at 62ЊC; and 30-second exten-UK), pan-cytokeratin (mouse, 1:50, Sigma), cytokeratin AE1/AE3 (mouse, 1:40, Sigma), desmin (mouse, 1:40, sion at 72ЊC) (thermal cycler; Perkin-Elmer 2400, Norwalk, CT, USA). Sigma), WT-1 (rabbit, 1:50, Santa Cruz), calretinin (rabbit, 1:20, Zymed, San Francisco, CA, USA), and fibroFor cDNA expression array analysis (Atlas Human 3.6 Array, Clontech, Palo Alto, CA, USA), we exposed blast-specific ASO2 (mouse, 1:20, Dianova, Hamburg, Denmark). The secondary antibodies were either rhoda-HPMC in two different concentrations of recombinant human TGF-␤1 (1.25 and 5 ng/mL) for 1 week. Unmine or fluorescein-conjugated antibodies (Jackson ImmunoResearch, West Grove, PA, USA). Nuclear countreated HPMC was used as control. The cDNA probes were prepared from HPMC according the manufacturterstains were either 4,6-diamidino-2-phenylindole HCl (1 g/mL) or propidium iodide (0.5 g/mL). We used er's instruction (Atlas Pure Total RNA Labeling System, Clontech). Briefly, HPMC was lysed and total RNA was the pre-embedding immunogold method to demonstrate the distribution of type I collagen in HPMC. The HPMCs isolated by two runs of phenol:chloroform extraction. Total RNA was further processed through isopropanol growing on Transwell membranes were initially fixed in freshly prepared 3% paraformaldehyde in phosphate precipitation, alcohol wash, and DNAse I digestion. Poly
Aϩ mRNA was isolated from total RNA using biotinylated oligo(dT) mRNA and streptavidin magnetic beads. cDNA probes were synthesized by Moloney murine leukemia virus (MMLV) reverse transcriptase in the presence of cDNA synthesis (CDS) primer mix and [␣-
33
P]-dATP (Ͼ2500 Ci/mmol;) (Amersham, Piscataway, NJ, USA). Labeled cDNA was purified by column chromatography (Nucleospin Extraction Kit, Clonetech). The membranes of cDNA expression arrays were prehybridized with 0.1 mg/mL of sheared salmon testes DNA (Sigma) at 68ЊC for 30 minutes. cDNA probes were hybridized to the arrays at 68ЊC overnight. Membranes were washed four times with 2 ϫ saline sodium citrate (SSC) containing 1% sodium dodecyl sulfate (SDS) and twice with 0.1 ϫ SSC (containing 0.5% SDS) for 30 minutes at 68ЊC. Acquisitions of images were processed by a PhosphorImager (Molecular Dynamics, Amersham). The data were analyzed using a specific software for membrane arrays (AtlasImage 1.5, Clontech). Paired arrays were normalized by averaging the corresponding expression of three housekeeping genes (ubiquitin, GAPDH, and cytoplasmic b-actin). We define significant differential expression of a given gene by greater than 2.0-fold and 25 intensity value (the minimal differential expression level).
RESULTS

TGF-␤1 induced morphologic and functional reformation in differentiated human mesothelial cells
To determine the direct response of mesothelial cells to TGF-␤1, we incubated isolated HPMC in TGF-␤1-containing medium (0.3 to 25 ng/mL). The mesothelial cells started to take on the myofibroblastic phenotype after 72 hours of treatment (Figs. 1 and 2). The minimal dose of TGF-␤1 to induce the full spectrum of changes was 0.6 ng/mL. Morphologic features of these converted cells met the stringent definition of the myofibroblast, and these criteria include (1) conspicuous bundles of actin micro (myo) filaments with interspersed dense bodies running parallel to the long axis of cells, (2) active deposition of ECM, (3) well-developed cell-ECM assembly (fibronexus), (4) frequent intercellular intermediate and gap junctions, and (5) prominent rough endoplasmic reticuli (rER) with dilated cisternas [4-6] (Fig. 2) . We demonstrated that myofibroblasts were collagen (type I)-secreting cells (Figs. 2 and 3) . Immunoelectron microscopy localized type I collagen mainly to the pericellular matrix and in collagen secretion granules (Fig. 2) . Immunofluorescent and semiquantitative RT-PCR studies confirmed that tributed little to the ECM synthesis (Fig. 3) . The myofibro-(0.6 ng/mL) for 7 days, the epithelial morphology of mesothelial cells com- of the calretinin (a calcium-binding protein constantly expressed on normal mesothelium) [8] (Fig. 3) . The
The survey of gene expression associated with myofibroblastic conversion down-regulation of calretinin was further proved by cDNA expression array analysis (Table I, 
group H). The
The further investigation of the expression of 3528 myofibroblasts still expressed prototypical mesothelial genes (Atlas Human 3.6 Array, Clontech Laboramarkers, cytokeratin and vimentin (Fig. 3, photomicro- tories) revealed that 52 genes altered their expression graph of vimentin not shown). The preservation of cytoduring myofibroblastic conversion, according to our keratin in all culture cells indicated that there was no definition of significant differential expression (Ն2.0-fold contamination of fibroblasts. The myofibroblasts phenoincrease and 25 intensity value) ( Table 1) . Among these type persisted at least 1 week after TGF-␤1 was withgenes, 23 had enhanced expression while 29 showed suppressed expression. For the convenience of discussion, drawn (Figs. 1 and 3) . we categorize these genes into eight groups according morphology or function in a given organ or tissue. For this reason, it is difficult, if not impossible, to determine to their functional correlation (Table 1 , groups A to H).
whether a myofibroblastic differentiation is partial or The significance and influence of these gene expressions complete. Despite the inherent heterogeneity of myofiin myofibroblastic conversion of mesothelial cells are broblast, the essential phenotypical components in an described below. activated prototypical myofibroblast, for example, myofibroblast in granulation tissue, could serve as a baseline DISCUSSION of myofibroblastic differentiation. These components, Myofibroblastic phenotype is dynamically modulated mainly in ultrastructural and immunohistochemical context, would be prominent rER, conspicuous peripheral and is heterogeneous. It might express some specific [16] , the up-regulation of ␣v and down-regulation of ␤ 8 implied that cellan acceptable range to reflect the consequences of functional modulation would not hamper myofibroblastic ECM interactions were of the mesenchymal rather than epithelial type during myofibroblastic conversion. In addesignation, it would be favorable to use more stringent criteria in a given experimental system to avoid misinterdition to type I collagen, other ECM might be produced. The increased production of basement membrane matepretation of nonspecific cellular adaptive changes. In this report, we demonstrate the full-spectrum myofibroblasrial in myofibroblasts was implied by the enhanced expression of procollagen IV ␣2 subunit (COL4A2). The tic conversion of mesothelial cells that exhibits all essential components of a prototypical myofibroblast. In addimatrix degradation might be suppressed in myofibroblasts, since expression of tissue inhibitor of metalloprotion, the presence of residual cytokeratin in all our myofibroblasts directly indicate their origin from mesoteinase (TIMP-1) and serine proteinase inhibitor (PAI-1) was enhanced. In addition, the expression of metalloprothelial cells and is an unequivocal evidence against contamination of myofibroblast of other origin.
teinases (MMPs) was not enhanced in myofibroblasts except for expression of MMP-11 (stromelysin 3). The To further understand the internal processes of mesothelial-myofibroblastic conversion, we compared the difmain function of activated MMP-11 is not to hydrolyze major components of ECM but to hydrolyze ␣1 serine ferences of their gene expression. In the present study, we found altered expression of several genes that regu-PAI [17] . Myofibroblastic conversion also implies alteration of lated, either directly or indirectly, the actin-based cytoskeleton (Table 1 , group A), and a second set of genes the innate immune system in serosal cavities (Table 1 , group C). Mesothelium is an important barrier against involved in ECM assembly and cell adhesion (Table 1 , group B). The up-regulation of small guanosine triphospotential pathogenic microorganisms in body cavities. Both C1s and B-factor (BF) are essential for the activaphatase (GTPase) Rho, specifically by Rho A (ARHA), and down-regulation of Rho guanosine diphosphate distion of C3 by generation of C3 convertase through the classical and alternative pathway respectively. The defisociation inhibitor (ARHGDIA) and myosin light chain kinase (MLCK) might contribute to actin-myosin filament ciency of complement would lead to ineffective clearance of bacteria on mesothelium [18] . However, the depresassembly, fibronexus formation, and cell contraction during myofibroblastic conversion [9] . One of the ezrinsion of the complement system, especially C3, might reduce bacterial colonization as has been demonstrated on radixin-moesin (ERM) proteins, ezrin (villin 2, VIL2), and its transmembrane anchorage protein, CD44, were renal tubular epithelium [19] , and therefore reduce the bacterial translocation and reservoir in the peritoneum. altered during myofibroblastic conversion. Both proteins are essential for Rho-induced cytoskeletal effects, spe-
The human mesothelial cells constitutively express bone marrow stromal cell antigen 1 (BST-1, CD157), a cellcifically the stress fiber formation [10] . Since ezrin (villin 2) is also a component of epithelial microvilli, its down-regusurface glycoprotein that facilitates B lymphopoiesis in bone marrow [20, 21] . Despite that the functional role of lation might result in loss of mesothelial microvilli during myofibroblastic conversion [11] . The thymosin-␤-4 mesothelial BST-1 is not clear, the alternation of BST-1 in peritoneum might significantly affect local extralym-(TMSB4X) is the main intracellular actin-sequestering peptide and serves as an actin buffer [12] . Down-regulaphoid B-cell differentiation. In addition, low BST-1 might be necessary to maintain fibroblast morphology since tion of thymosin-␤-4 (TMSB4X) implied the release of actin building blocks for myofibroblastic conversion. Like CD157-transfected fibroblasts lost typical elongated spindle morphology [22] . Mesothelial cells also constitutively kidney mesangial myofibroblasts, mesothelial myofibroblasts also expressed abundant sarcomeric thin filament express monocyte chemotactic protein 1 (MCP-1) and its binding receptor (CCR2). The enhanced CCR2 expresproteins [skeletal muscle ␣-tropomyosin (TPM1)] [13].
Both cadherins and integrins are also subjected to the sion in myofibroblasts would probably promote haptotactic migration in response to MCP-1 and play an imporregulation of GTPase Rho A [14, 15] . It is worth noting that mesothelial cells specifically expressed N-cadherin tant role in myofibroblast recruitment during inflammatory reactions [23] . (CDH2) and VE-cadherin (CDH5). The up-regulation of N-cadherin and down-regulation of VE-cadherin (Ta-
The myofibroblastic conversion might result in quenching cell proliferation through the enhanced expression ble 1, group B) during myofibroblastic conversion implied that myofibroblasts altered homotypic adhesive of cyclin-dependent protein kinase inhibitor, p21 cip1
, and the depression of proliferating cell nuclear antigen (PCNA) properties and might therefore promote their migration and spreading by loosening VE-cadherin-associated ad- (Table 1 , group D). p21 cip1 can interact with PCNA, blocking its activity necessary for DNA replication [24] . tyrosine kinase receptors, VEGFR-1 (Flt-1), VEGFR-2 (KDR). and VEGFR-3 (Flt-4). It thus implied that TGF-␤ JUN, a major component of the activator protein-1 (AP-1) transcriptional complex, was also down-regudirects myofibroblasts to mediate paracrine signaling of angiogenesis. This finding has potential clinical signifilated during myofibroblastic conversion. The suppression of JUN might hinder cell cycle progression because cance because recent investigation on VEGF has recognized its pathogenic role in peritoneal microvascular dysit has been shown that constitutive c-Jun inhibits p21 induction [25] . Recent work indicates that many imporfunction and ultrafiltration failure. [32] [33] [34] Our finding is further supported by a recent in vivo study that transtant regulators of G 1 and S phases are targeted for ubiquitination and subsequent degradation by the 26S proteaduction of TGF-␤1 gene to peritoneal mesothelial cells not only enhances VEGF production but also induces some (PSMC3) [26] . The inhibition of proteasome (PSMC3) activity would thus reduce cell proliferation.
accumulation of ␣-SMA-positive interstitial cells in peritoneal membrane.
[35] The response of the IL-6 family Our results implied that TGF-␤1 is predominantly a cytodifferentiating rather than a proliferating growth facis similar in that IL-6 and LIF are up-regulated in myofibroblasts. Other factors of IL-6 family were not extor. Myofibroblastic conversion did not seem to enhance apoptosis since the major mediators of programmed cell pressed. The mesothelial cells seemed to be the primary IL-6 unresponsive cells expressing only IL-6 signal transdeath were unaltered except for the down-regulation of death-associated protein kinase-1 (DAPK-1), a positive ducer (IL-6ST, gp130) and no gp80. The gp130 was further down-regulated after myofibroblast conversion. mediator of apoptosis [27] . Our previous observation that tumor necrosis factor-␣ (TNF-␣), but not TGF-␤, Thus, the IL-6 produced is speculated to mediate paracrine signaling of other types of cells in the vicinity of acactivated Fas/Fas-ligand pathway to promote apoptosis of mesothelial cells also supports this assumption (untive myofibroblasts. This functional property of myofibroblasts has been frequently described in association published observation).
The modulation of TGF-␤ signaling pathway (Table  with tissue repair and the fibrogenic process [36] . The enhanced expression of PDGF receptor ␣ polypeptide gene 1, group E) during myofibroblast conversion implied negative feedback regulation with up-regulation of v-ski (PDGFRA) without concomitant expression of PDGFRB gene implied that ␣␣-receptor homodimer was the preavian sarcoma viral oncogene homolog (SKI) and SKIlike (SKIL) (SnoN) and concomitant down-regulation dominant PDGF receptor on the myofibroblasts. The selection of the PDGF signaling system seems to be cellof the 26S proteasome (PSMC3). It is speculated that mild-to-moderate feedback up-regulation of these cotype dependent, since liver myofibroblasts showed predominant up-regulation of PDGF-␤ [37] . Considering repressors is mainly for fine-tuning of the selective suppressive effects of TGF-␤ and is functionally distinct that both the A chain and B chain of PDGF are not expressed in mesothelial cells, the autocrine action of from their activity in oncogenic transformation, which is usually promoted by highly expressed SKI/SnoN [28, 29] .
PDGF is not expected to participate myofibroblastic conversion. Since PDGF was reported to be a very potent The down-regulation of cellular proteasomes might reduce the degradation of SnoN and SKI. TGF-␤ enhanced mitogenic factor of myofibroblast, the augmentation of PDGFR implies that it might serve as a proliferation expression of the inhibin/activin ␤A subunit (INHBA) gene and might be responsible only for up-regulation of trigger of mesothelial myofibroblasts [37] . This assumption does not conflict with our observation that TGF-␤ activin A (␤A-␤A) in that inhibin ␣ as well as activin ␤B and ␤C subunits were not expressed during myosuppresses proliferation of cultured mesothelial cell (unpublished results), since previous study have showed that fibroblast conversion. Our results also suggested that several other factors might enhance TGF-␤ signaling TGF-␤ in vitro may inhibit the proliferation of hepatic myofibroblasts, but promotes their proliferation in vivo system. These factors included BMPR1B (ALK6), an alternative type I receptor for TGF-␤ agonists [30] , early by a PDGF autocrine loop [38] . The other factor that might be ascribed to cytokine system is secretogranin II growth response-1 (EGR-1), an early response gene whose product directly transactivates TGF-␤ in an auto-(SCG2). SCG2 is the precursor of secretoneurin, a potent chemotactant of fibroblasts, monocytes, endothelial cells, crine fashion [31] , and leukemia inhibitory factor (LIF), a cytokine of the interleukin-6 (IL-6) family that in conand vascular smooth muscle cells [39] . The pathogenic nature of myofibroblastic conversion junction with BMP2 acts through STATs, Smads, and coactivator p300 to activate transcription [31] .
was implied by the potential risk of compromising cytoprotective capability against various cellular stresses or The expression profiles of cytokine and growth factor systems implied involvement of vascular endothelial injuries (Table I , group G). One example was the downregulation of heat shock 70 kD protein 8 (HSPA8, also growth factor (VEGF), IL-6, and platelet-derived growth factor (PDGF) in myofibroblast conversion (Table 1, termed Hsc70 or Hsp73) and heat shock 90 kD protein A (HSP90A) without concomitant elevation of other group F). The strong augmentation of VEGF expression was not accompanied by the expression of its three major inducible heat shock proteins. HSPA8 is not only a con-stitutively expressed molecular chaperone but also an CONCLUSION adenosine triphosphatase (ATPase) that releases clathThis study describes myofibroblastic conversion of rin from coated vesicles [40] . We also observed supmesothelial cells, a previously undefined, yet frequently pression of some other constitutively expressed cytospeculated, cell adaptive or pathogenic process. Our protective factors such as selenoprotein P (SEPP1), study helps to elucidate the complex molecular and cellular events involved in this process. Our findings also cytochrome P450 (CYP1B1), and aldehyde dehydrogesuggest revoking the earlier concept of "multipotential nase (ALDH1A3) in myofibroblasts. These changes did subserosal cells" as progenitor cells of both epithelial not seem to be myofibroblast specific since TGF-␤ also mesothelial cells and myofibroblasts [46] . Our results induced similar suppression in liver cells [41, 42] .
indicate that differentiated mesothelial epithelial cells Finally, we observed alternations of some ubiquitously can convert or transdifferentiate to myofibroblasts, anexpressed cellular factors following myofibroblastic conother differentiated status of mesothelial cells. version (Table I, 
